To examine growth conditions that can increase the critical dietary mineral zinc in leaves of baby leaf red oak lettuce, we investigated zinc accumulation under various conditions, including different zinc concentrations in nutrient solution, wind speeds, and root zone temperatures. A high zinc concentration in the nutrient solution led to greatly increased leaf zinc concentration, but also decreased fresh and dry weights of shoots. In addition, necrosis was observed in leaves at a zinc concentration in the nutrient solution of ≥ 0.15 mM. By contrast, high wind speed and root zone temperature led to increases in leaf zinc concentration, but slightly decreased fresh and dry weights of shoots. In addition, under high wind speed and root zone temperature, no leaf necrosis was observed. The increase in leaf zinc concentration was attributed to increases in zinc absorption, accompanied by increased transpiration, because water absorption rates increased with wind speed and root zone temperature. Therefore, baby leaf red oak lettuce with high leaf zinc concentration can be produced by increasing wind speed and root zone temperature.
Introduction
More than three billion people around the world are malnourished because of insufficient micronutrients in their diets Welch and Graham, 2004 . In particular, zinc deficiency is a major problem for human health worldwide along with Japan Kogirima et al., 2007 . The recommended daily allowances and tolerable upper intake levels for zinc are 8.0 and 40 mg day -1 , respectively White and Broadley, 2005 . One approach to increase mineral concentration of plants is biofortification, which was proposed as a complementary solution to human mineral malnutrition through agronomic practices and breeding. Recently, there have been several attempts to improve zinc biofortification in crop plants e.g., Graham et al., 2001; Pfeiffer and McClafferty, 2007; White and Broadley, 2009; Stein, 2010 , with many researchers reporting that zinc biofortification is more practical and effective than dietary diversification, supplementation, or food fortification White and Broadley, 2011 . Plants require zinc for the control of transcription and translation, stability of protein structures, as well as for the function, activity, and control of enzymes Taiz and Zeiger, 2010 . In general, zinc enters plants from the root zone and is absorbed by root cells, and then it is mainly transported symplastically to the xylem and the aerial parts of the plant. While zinc concentration in the root zone is sufficient for plant growth, zinc accumulation in leaves is limited by root zinc absorption rate. Agronomic biofortification can be achieved by applying zinc to roots and leaves. However, excessively high leaf zinc concentration has been shown to cause toxicity, which reduces crop yield White and Broadley, 2011 . Transpiration and root water absorption drives ion transport to root cell membranes by mass flow, which determines the frequency of encounter rates between ions and transport proteins of cell membranes Sago et al., 2011c; Nomiyama et al., 2012 Nomiyama et al., , 2017 . Therefore, root ion absorption rate can be increased by controlling the cultivation environment, and wind speed and root zone temperature are believed to be important environmental factors that can change transpiration and root water absorption rates Araki et al., 2001; Yasutake et al., 2004 Yasutake et al., , 2005 . Thus, increases in leaf transpiration by controlling wind speed and root zone temperature may be an alternate strategy to increase leaf zinc concentration.
Environmentally controlled closed cultivation systems with artificial lighting, such as plant factories, are increasingly being used for stable and high-yield vegetable production Kozai et al., 2016 . Hydroponic systems are used for cultivating leafy vegetables in closed systems because environmental conditions around the leaves and roots can be easily controlled Inoue et al., 1997 . Thus, closed and hydroponic systems have advantages for the production of vegetables with high nutritional values.
Leaf lettuce is an important leafy vegetable that is grown in closed systems, and it is known as one of the most efficient vegetables for mineral absorption Jordao et al., 2007 . Furthermore, baby leaf vegetables have grown in popularity in recent years as a ready-to-eat vegetable and a good source of nutrients including minerals. Therefore, the objectives of the present study were to determine the yield and zinc accumulation in shoots of baby leaf lettuce under various conditions that involve differences in zinc concentrations in nutrient solution, wind speed, and root zone temperature.
Materials and methods

Cultivation system
All experiments were performed in a closed type plant production system equipped with artificial lighting at the Faculty of Agriculture, Yamaguchi University, Japan. The equipment in the cultivation room was previously described by Sago 2016 . Air temperature was set to 20 C, with 60 relative humidity, and 1200 μmol mol -1 carbon dioxide.
For plant cultivation, we used the small hydroponic system that consisted of a cultivation bed plastic tray; 300 200 60 mm , a solution tank plastic box; 6 L , a water pump Compact 300, Eheim GmbH & Co. Kg., Germany , and silicon tubes 12 mm diameter . The system continuously circulated nutrient solution between the cultivation bed and solution tank. As the cultivation bed had an overflow system at a height of 10 mm, the nutrient solution overflowed from the tray outlet into the solution tank, and the depth of the nutrient solution in the tray was kept constant at 10 mm. To set different wind speed for each hydroponic system separately, each hydroponic system was installed into a respective chamber constructed of aluminum frame and acrylic resin panels. Two fans CFZ-120Z, Ainex Co., Ltd., Japan were mounted on a side wall of each chamber, so that the wind speed could be adjusted by controlling the fan speed with a pulse-width modulation controller. The wind speed at 1 cm above canopy surface was measured at the center of chamber using a hot wire anemometer AM-4214SD, Lutron Electronic Enterprise Co., Ltd., Taiwan . Two fluorescent lamps FHF16EX-N-H, Panasonic Corp., Japan were mounted at the top of the chamber, such that the distance between the tray and lamps was 350 mm, which resulted in a photosynthetic photon flux density PPFD of 200 μmol m -2 s -1 at the surface of each tray. Furthermore, root zone temperature was controlled with a heater SH80, GEX Corporation, Japan set in the solution tank.
Plant cultivation
We cultivated 100 plants of baby leaf red oak leaf lettuce Lactuca sativa var. crispa Nakahara Seed Product Co., Japan for each treatment by sowing seeds in polyurethane foam installed in respective cultivation beds and supplied with nutrient solution. Two days after sowing, seedlings were illuminated with continuous light. We used the OAT House SA-prescription nutrient solution OAT Agrio Co., Ltd., Japan , which contained 17.1 mM NO were adjusted to each value by the different inclusions of zinc sulfate in the nutrient solution at the start of the treatment. The nutrient solution level was maintained daily by suppling the nutrient solution adjusted to the respective zinc concentration during treatment period. Because the nutrient solution overflows the cultivation bed into the solution tank, the volume of the nutrient solution in the root chamber is maintained. Thus, root water absorption volume during 10 days between 10 and 20 days after sowing were measured as the volume of nutrient solution supplied during that period. Furthermore, for distinguishing root water absorption and evaporation, the daily evaporation volume from cultivation beds at each cultivation conditions were determined by running a 24-h blank test with no plant.
Sample Measurements
Ten plants were harvested in each treatment 20 days after sowing, and measurements of fresh weights FWs were calculated from sampled shoots that were cut below the cotyledonary node. Subsequently, shoots were dried at 90 C for 48 h, and dry weights DWs were recorded. Dried samples were ashed at 450 C for 8 h in an electric furnace KBF794N1, Koyo Thermo System Co., Ltd., Japan . We dissolved the ashed samples in dilute HNO 3 to completely decompose the organic matter. We then measured zinc ion concentrations in the dissolved ash solution with atomic absorption spectrometry AAnalyst200, PerkinElmer Japan Co., Ltd., Japan following standard procedures.
Data analysis
Analysis of variance and post hoc multiple comparison test Tukey's HSD, p < 0.05 were performed using the statistical software R version 3. 2. 5 R Core Team, 2016, Austria .
Results and discussion
FWs and DWs of shoots significantly decreased when zinc concentration in the nutrient solution was ≥ 0.15 mM Fig. 1 . FWs of plants grown under 0.15, 0.3, and 0.45 mM zinc concentrations in nutrient solution were 40 , 42 , and 52 lower than those of plants grown at standard condition in baby leaf lettuce hydroponic cultivation 0.001 mM , respectively. The dry matter ratio of shoots grown under zinc-enriched nutrient solution gradually increased with zinc concentration in the nutrient solution. Furthermore, leaf zinc amount and concentration gradually increased with zinc concentration in the nutrient solution. However, severe necrosis was observed in leaf blades when zinc concentration in the nutrient solution was ≥ 0.15 mM. Therefore, the decrease in FWs and DWs and increase in the dry matter ratio could be attributed to zinc toxicity under high zinc concentrations. Furthermore, while leaf zinc concentration increased, there was no statistically significant difference between FWs at nutrient solution concentration of 0.1 mM and that at control condition. Therefore, these data suggest that to increase zinc accumulation in leaves of baby leaf red oak lettuce without yield reduction and necrosis, lettuce plants should be grown in a nutrient solution with zinc concentration of 0.1 mM.
FWs and DWs decreased with increased wind speed Fig. 2  and root and these concentrations were higher than those reported by previous studies on zinc biofortification with leaf lettuce Barrameda-Medina et al., 2017 and with other leafy vegetables Broadley, 2011 . Ogawa and Kudo 2015 reported higher leaf zinc concentration in Komatsuna Brassica Rapa var. pervidis which were grown at increased zinc concentration in a nutrient solution containing glutathione disulfide, while leaf zinc concentration in leaf lettuce grown at that condition was lower than our results at 30 C root zone temperature. Furthermore, for plants grown under high wind speed and high root zone temperature, necrosis was not observed in leaves, and declines in DWs were lower than those observed when plants were grown under high zinc concentration in the nutrient solution. Therefore, decreases in FWs and increases in the dry matter ratio seem to be caused by water loss induced by high wind speed and high root zone temperature, but not by zinc toxicity.
The water absorption volume during 10 days between 10 and 20 days after sowing, increased due to increased wind speed Fig. 4 and root zone temperature Fig. 5 . It is known that the boundary layer near the leaf surface becomes thinner, and transpiration increases due to increased wind speed Yabuki et al., 1970 . Therefore, the increased root water absorption volume under high wind speed can be attributed to increases in transpiration rates. Meanwhile, root water absorption can be increased due to increased root zone temperature because water permeability of the root membrane has temperature dependency Sago et al., 2011a ,b, Murai-Hatano et al., 2008 . Furthermore, root ion absorption can be regulated by the transpirational ion mass flow to roots Kitano et al., 1999; Sago et al., 2011c . Therefore, the dependence of root ion absorption on wind speed and root zone temperature was influenced by the wind speed and temperature dependence of root water absorption.
In conclusion, by controlling wind speed and root zone temperature, transpiration and leaf zinc concentration can be increased while avoiding zinc toxicity. Using zinc-enriched nutrient solution 0.1 mM , leaf zinc concentration could be increased 5.2-fold compared with that grown under standard zinc concentration in the nutrient solution 0.001 mM , and it could be wind speed and 30 C root zone temperature, respectively. However, to apply our findings for practical use, it is needed to determine the magnitude of interactions of environmental factors and to demonstrate economic efficiency of environment control. Although further studies are required, our results suggest that control of environmental factors that affect leaf transpiration need to be taken into consideration for increase leaf zinc concentration.
